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ABSTRACT 

The Australia Telescope National Facility Mopra millimetre telescope has been 
used to search for 95.1-GHz class I methanol masers towards sixty-two 6.6-GHz class II 
methanol masers. A total of twenty-six 95.1-GHz masers were detected, eighteen of 
these being new discoveries. Combining the results of this search with observations re¬ 
ported in the literature, a near complete sample of sixty-six 6.6-GHz class II methanol 
masers has been searched in the 95.1-GHz transition, with detections towards 38 per 
cent (twenty-five detections ; not all of the sources studied in this paper qualify for 
the complete sample, and some of the sources in the sample were not observed in the 
present observations). 

There is no evidence of an anti-correlation between either the velocity range, or 
peak flux density of the class I and II transitions, contrary to suggestions from previous 
studies. The majority of class I methanol maser sources have a velocity range that 
partially overlaps with the class II maser transitions. The presence of a class I methanol 
maser associated with a class II maser source is not correlated with the presence (or 
absence) of main-line OH or water masers. Investigations of the properties of the 
infrared emission associated with the maser sources shows no significant difference 
between those class H methanol masers with an associated class I maser and those 
without. This may be consistent with the hypothesis that the objects responsible for 
driving class I methanol masers are generally not those that produce main-line OH, 
water or class H methanol masers. 
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1 INTRODUCTION 

Intense activity in the field of methanol maser research 
commenced in the mid 1980s with the discovery of numer¬ 
ous new tra nsitions (e.g. lMorimoto et aLllOSiitlWilson et alJ 
Il984l . llQSSl and others). As the number of methanol maser 
transitions increased it became clear that they could be 
classified empirically into two groups on the basis of the 
sources towards wh ich they were detected iBatrla et alJ 
Il987l : lMentenlll991a^ . Class II methanol masers are found 
close to sites of high-mass star formation and are often as¬ 
sociated with Hll regions, infrared sources and OH masers. 
The strongest and most widespread class II transitions are 
the 5i — GqA’'" (6.6 GHz) and 2o — 3-iE (12.1 GHz), which 
have bee n detected towards more than 500 sites within the 
Galaxy dPestalozzi. Minier fc BoothI 12004. and references 
therein). The archetypal class II methanol maser source 
is W3(OH). Glass I methanol masers are also found to¬ 
wards star formation regions, but offset by small, though 
significant amounts from Hll regions, infrared sources, OH 


and water masers. The strongest class I transitions are the 
7o — 6 iA^ (44.0 GHz) and 4_i — 3oE (36.1 GHz), and the 
archetypal source is Orion KL. The class II 2o — 3_iE tran- 
sition is often observed in absorption towards class I sources 
jPeng fc Whiteo^ll992^ . Theoretical models of methanol 
masers provide some explanation for this empirical division 
predicting inversion in the class I transitions when colli- 
sional processes dominate and inversion in the class H transi¬ 
tions when radiative processes dominate (lCragg_et_alJ[l99j : 
ISoboIev fc Deguchil994ISoboIev. Gragg 

The classification suggested by iMentenI (ll991a^ was 
consistent with the observational and theoretical under¬ 
standing at the time. However, more recent studies sug¬ 
gest that things may be more complicated. A number of 
searches for class I methanol masers have been made to¬ 
wards tra ditional class H sites with relatively high detec- 
tion rates llSIvsh et alllQQJ i lVal’tts et al.l200fllh . lsivsh et all 
il994h suggested an anti-correlation between the intensities 
and velocity ranges of the class I and H methanol masers 
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within the same region. This requires that there is some 
sort of relationship between the emission from the two tran¬ 
sitions since, if they were independent neither correlations, 
nor anti-correlations should exist. Perhaps more impor¬ 
tantly, modelling predicts that in some conditions the 6.6- 
GHz class II transition can be weakly inverted, simultane¬ 
ously with strong inversion in the 25-GHz class I transitions. 
This situation may have recently been dete cted towards the 
arche t ypal class I maser source Orion KL i Voronkov et alJ 
l2004l . iKurtz. Hofner fc Alvare3 ll2004^ found coincidence 
within 0.5 arcsec of class I and II methanol masers in one 
source, although there is a significant velocity difference be¬ 
tween the two transitions suggesting that it may be a chance 
alignment along our line of sight. 

The majority of studies of methanol masers have fo¬ 
cused upon the class II transitions. There are two main 
reasons for this ; the hrst is that the strongest class II 
transitions are in the centimetre regime and hence easier 
to observe ; the second is that their association with other 
maser species, IRAS so urces etc makes targeted searches rel¬ 
atively produ ctive (e.g. lMenterjl991bl : ICaswell et al lll995bt 
IWalsh et al.lll99m . Although untargeted searches have also 
been very successful at detecting class II methanol maser s 
iCaswel]lll996t lEllingsen et al.lll996l : |s zvmczak et 

In contrast the strongest class I methanol maser transitions 
are at millimetre wavelengths and to date there is no other 
type of astrophysical object with wh ich they are known to 
be closely associated. iMenterJ (ll991a^ suggested that class I 
masers are offset from class II sites by up to 1 pc. However, 
there are relatively few sources where both class I and II 
transitions have been imaged at high resolution. The ma¬ 
jority of the well studied class I methanol maser sources are 
“traditional” cla ss I sources with no (or weak) class II emis¬ 
sion, Orion KLj^mnbec^^^^Hgto [WS^JJolmstoi^^^ 
W92), DR21 llBatH^^^Mente^^^si ; Phunbec^^^M eiitCT 
199f ) and Sgr B2 l^ehHnge^^^HentenT^^Tfl . There are 
no strong class II methanol masers towards Orion KL, al¬ 
though weak mas ers, and possibly quas i-thermal emission 
has been detected IVoronkov et alJ (JiooJ). There is class II 
methanol maser emission towards DR21(OH), this likely to 
be from the same region as the OH maser emission (which 
is offset from the class I masers), but this has not been con- 
hrmed. Sgr B2 is a very complex region, with multiple site 
of both class I and H methanol mas ers. The class II masers 
are clo se to the compact Hll regions FHoughton fc WhiteoakI 
1^9^, while the majority of class I masers lie in an arc, 
possibly tracing the interfac e between two molecular clouds 
iMehringer fc MentenI (^93)- 

For a source at a distance of 3 kpc (typical for a high- 
mass star forming region) a linear distance of 1 pc cor¬ 
responds to an angular separation of slightly more than 
1 arcminute. This is comparable to, or larger than typi¬ 
cal telescope beam sizes at millimetre wavelen gths and so 
searches targeted at cla ss H maser sites (e.g. ISlvsh et alJ 
1 19941 : IVal’tts et alJl200nll would be expected to detect few 
class I sources. This is not the case though, which suggests 
that in many cases the offset between class I and H maser 
sites is signihcantly less than 1 pc. This has been confirmed 
by rece nt VLA observatio ns of 44 GHz class I methanol 
masers llKurtz et a which found a median separa¬ 

tion of 0.2 pc from Hll regions. At the present time, class H 
methanol maser sites appear to be the best targets for class I 


maser searches. However, the nature of the relationship be¬ 
tween the two classes remains unclear. To try and elucidate 
the nature of the relationship I have undertaken a search 
for class I methanol masers towards a statistically complete 
sample of class H methanol masers selected from th e Mt 
Pleasant survey iEllingsen et al.lli996l : lEllingsenlll996fl . 


2 OBSERVATIONS AND DATA REDUCTION 

The observations were made between 1998 July 12-17 us¬ 
ing the Australia Telescope National Facility (ATNF) 22m 
millimetre antenna at Mopra. At the time of the observa¬ 
tions only the inner 15 m of the Mopra antenna was illumi¬ 
nated and the antenna had a sensitivity of approximately 40 
Jy K“^. The ass umed rest frequency of the 8o — TiA’^ was 
95.169 489 GHz iPe Lucia et aill989^ and at this frequency 
the half-power beam width of the Mopra antenna was 52 arc- 
sec. Recent measurement of the rest frequencies of vari¬ 
ous m ethanol maser transitions bv lMiiller. Menten fc Madeil 
^2004^ gives a value of 95.169 463 GHz (with an uncertainty 
of 10 kHz). This is 14 kHz lower than the value used, which 
means that the velocities listed are 0.044 km s“^ higher 
than had the more recent rest frequency value been used. 
The data were collected using a 2-bit digital autocorrelation 
spectrometer configured with 1024 channels spanning a 32- 
MHz bandwidth. For an observing frequency of 95.1 GHz 
this configuration yields a natural weighting velocity resolu¬ 
tion of 0.12 km s“^, or 0.2 km s“^after Hanning smoothing. 
The SIS mixers on both of the available linear polarization 
channels were tuned to the 95.1 GHz methanol transition. 
The antenna pointing was checked and corrected prior to 
each observing session by making observations of 86-GHz 
SiO masers; the nominal pointing accuracy is of the or¬ 
der of 10 arcsec RMS. For one of the channels the tun¬ 
ing was performed only once at the beginning of the ob¬ 
serving period. However, the other channel had to be re¬ 
tuned each day after the pointing checks. The sensitivity 
of this channel varied day to day depending upon how well 
the receiver tuned, in general it had a system temperature 
approximately 50K higher than the other channel, though 
on occasions it was slightly lower. The system temperature 
was determine by inserting an ambient temperature load 
which was assumed to have a temperature of 295K. The 
measured system temperature varied between 200 and 340K 
depending upon the weather conditions and elevation. This 
meth od of calibration also corrects for atmospheric absorp¬ 
tion iKutner fc UlichlllOSlTl and taking into account point¬ 
ing inaccuracies the absolute accuracy of the flux density 
scale of the observations is conservatively estimated to be 
20 per cent. The sources were observed in a position switch¬ 
ing mode with 300 seconds spent at the on-source position 
and 300 seconds at a reference position offset in declination 
30 arcminutes to the south. This procedure was repeated 

3 times to yield a total on-source integration time of 15 
minutes for most sources, which typically yielded an RMS 
of 1.3 Jy a fter averaging the two polarizations and Hanning 
smoothing. IWiesemever. Thum fc Walmslevl ll2004^ recently 
observed linear polarization in excess of 10% in a number of 
class I methanol maser transitions, including the 95.1-GHz. 
The spectra presented here are an average of two orthogo¬ 
nal linear polarizations and hence the relative flux density of 
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the features will not be effected by any linear polarization. 
The current observations were made in such a way that it is 
not possible to determine the polarization characteristics of 
the masers from them. The data were processed using the 
SPC reduction package. Quotient spectra were formed for 
each on/off pair of observations which were then averaged 
together, a polynomial baseline fitted and subtracted and 
the velocity and amplitude scale calibrated. Velocity cali¬ 
bration presented some challenges, requiring correction for 
incorrectly recorded fr equency synthesise r chain information 
in the RPFITS header iLadd et Si (l2004l and editing of the 
telescope identity and band-inversion in the headers. 

The sample of 6.6-GHz methanol mase r sites searched 
for 95 .1-GH z maser em i ssion was drawn from lEllingsen et alJ 
and lEllingsenI (Il99(tl and included all sources de¬ 
tected in the regions with Galactic longitude I = 25° - 
30°, 282° - 286°, 291° - 296°, 325° - 335°. For the first and 
last of these longitude ranges the Galactic latitude range 
of the Mt Pleasant survey was b = —0?53 —1-0?53, while 
for the other regions it was b = —1?03 - -1-0? 03. The to¬ 
tal area covered is approximately 24.4 square degrees. The 
exact number of class II methanol masers sites within these 
regions depends on the spatial resolution of the observations. 
A number of the sources have two or more sites of emission 
separated by a few arcseconds. Such sources cannot be re¬ 
solved with the Mopra telescope and so in general we have 
made observations towards individual sites only where they 
are separated by more than 20 arcsec. Observations of the 
95.1-GHz transition were made of a small number of sources 
not detected as part of the original Mt Pleasant survey. In 
particular, 326.475-h 0703 which was listed as 326.40+0.51 in 
the original survey iEllingsen et a Ddii), the correct posi¬ 
tion being revealed by Australia Telescope Gompact Array 
(ATGA) observations. 27.286 + 0.151 is outside the velocity 
range of the Mt Pleasant survey, but was discovered dur¬ 
ing ATGA observations of the nearby source 27.223+0.137. 
In addition, the untargeted search of iGasw iH (Il996ll de¬ 
tected a number of 6.6-GHz methanol masers in the region 
I — 330° — 335° which were not detected in the Mt Pleasant 
survey either due to variability or being outside the searched 
velocity range (331.120-0.118, 333.029-0.063, 333.646-K).058 
& 334.935—0.098) and these were also searched for 95.1-GHz 
methanol masers. An independent untargeted survey of the 
I = 20° — 40° reg ion has recently been undertaken with the 
Torun telescope llSzvmczak et al ]|20 o 3), which also discov¬ 
ered a number of sources in the I = 25° — 30° region not 
detected at Mt Pleasant. However these were not searched 
as the information was not available at the time of the ob¬ 
servations. For the majority of sources (80 of 84) the posi¬ 
tions search for 95.1-GHz class I methanol masers are the 
sites of class H masers determined from ATGA observations 
which have a positional accuracy of approximately 0.5 arcsec 
(Ellingsen, unpublished observations). The only exceptions 
were the sources 285.32 — 0.03, 293.84 — 0.78, 293.95 — 0.91 
and 25.53 + 0.38, for which the positions determined in the 
Mt Pleasa nt survey (positional a ccuracy RMS 0.6 arcmin) 
were used JEllingsen et alJll996ll . For those sources where 
ATGA position are available we have used three significant 
figures for the Galactic coordinate names. These names dif¬ 
fer slightly from those used previously in the literature, but 
the greater accuracy of the ATGA positions warrants it, and 
the correspondence is in most cases reasonably obvious. 


A small number of the detected 95.1-GHz methanol 
masers were either not observed, or have poor spectra 
from the original 6.6-GHz Mt Pleasant survey. To enable 
proper comparison of the class I and class H emission in all 
class I detections, new 6.6-GHz observations were made of 
the sources 326.474+0.703, 333.029-0.063 and 27.286+0.151. 
These observations were made with the Mt Pleasant 26-m 
telescope on 2004 November 3 & 8. The assumed rest fre¬ 
quency of the 5i —6o A"*" transition was 6.668518 GHz, and at 
this frequency the half-power beam width of the Mt Pleas¬ 
ant antenna is 7 arcmin. The observations were made with 
a cryogenically cooled receiver with dual circular polariza¬ 
tions and a system equivalent flux density of approximately 
1200 Jy. The data were collected using a 2-bit autocorrela¬ 
tion spectrometer configured with 4096 channels spanning 
a 4-MHz bandwidth for each polarizations. For an observ¬ 
ing frequency of 6.6-GHz this configuration yields a velocity 
resolution after Hanning smoothing of 0.09 km s“^. Each 
source was observed in position switching mode with 10 min¬ 
utes spent at the on-source position and a further 10 minutes 
at a reference position offset by -1 degree in declination. To 
measure any pointing errors a 5-point grid, centred on the 
nominal position was observed for each source. In each case 
the measured pointing offsets were small, implying scaling 
corrections to the flux density scale of the source spectra of 
less than 5 per cent. As this is less than the accuracy of the 
flux density calibration, no scaling was applied. 


3 RESULTS 

A total of fifty-nine 6.6-GHz class H methanol maser sites 
were searched for 95.1 GHz class I masers. Emission was de¬ 
tected towards twenty-six sites and these are listed, along 
with the parameters of Gaussian fits to the emission in Ta¬ 
ble Q Spectra of each of the detected 95.1-GHz masers are 
shown in Figure 0 Eighteen of the 95.1-GHz emission sites 
detected are new discover i es, wit h the remainder previously 
observed bv IVal’tts et al.l J2nnflll . The sources for which no 
emission was detected are listed in Table along with the 
velocity range searched and the 3a detection limit for the 
observation. 

The primary purpose of these observations was to re¬ 
alise a search for 95.1-GHz class I methanol masers towards 
a statistically complete sample of 6.6-GHz class H methanol 
masers. Table|^gives the intensity and velocity of the peak 
flux density and the velocity range for both the class I and 
class H methanol masers for all the 6.6-GHz masers de¬ 
tected in the Mt Pleasant survey (not just those in the 
statistically complete sample) and the additional sources 
listed in section|21 There are two 6.6-GHz class H methanol 
maser sources from the statistically complete sample which 
were accidentally omitted from the sources searched for 
95.1-GHz class I masers (328.254-0.254 & 28.201-0.049). 
The data for the class H emission in these sources is in¬ 
cluded in Tabled Fortunately the omission of two of sixty- 
eight sources does not significantly effect the reported statis¬ 
tics or conclusions of this study. For sources where both 
classes of methanol maser were detected spectra of each are 
shown on a common velocity scale in Figure Q Many of the 
class H methanol maser spectra contain emission from mul¬ 
tiple sources, present within a single Mt Pleasant beam (7 
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Table 1. Class II methanol maser sites detected in the 95.1-GHz class I transition. The Hanning smoothed spectra have been fitted 
with one or more Gaussian profiles and the fitted parameters are listed, the number in brackets is the uncertainty reported by the fitting 
procedure. Notes : ^ sources not within the statistically complete sample of 6.6-GHz methanol masers. 


Name Right Ascension Declination Peak Flux Velocity Full Width 

(J2000) (J2000) Density (km s“^) Half Maximum 

(h ms) ' ") (Jy) (km s“^) 


328.237-0.548“ 

15:57:58.381 

-53:59:23.14 

5.2(1.3) 

-41.8(0.1) 

1.6(0.3) 




4.4(0.8) 

-41.3(0.05) 

0.4(0.1) 




3.8(0.5) 

-44.0(0.2) 

2.2(0.3) 




2.3(0.4) 

-39.7(0.9) 

3.9(1.3) 

328.809 + 0.633“ 

15:55:48.608 

-52:43:06.20 

18.3(1.6) 

-40.9(0.1) 

1.5(0.1) 




17.3(1.4) 

-41.4(0.05) 

5.2(0.2) 




14.1(1.2) 

-40.5(0.05) 

0.4(0.05) 




13.9(1.1) 

-42.6(0.05) 

1.3(0.1) 

329.031-0.198 

16:00:30.326 

-53:12:27.35 

13.4(1.0) 

-47.0(0.05) 

0.7(0.1) 




12.0(1.9) 

-43.9(0.1) 

1.3(0.2) 




8.0(0.5) 

-46.0(0.2) 

2.4(0.3) 




6.7(2.4) 

-43.5(0.1) 

1.2(0.3) 




5.7(2.0) 

-43.7(0.05) 

0.4(0.2) 




4.4(0.6) 

-41.6(0.6) 

4.4(0.9) 

331.132-0.244 

16:10:59.743 

-51:50:22.70 

31.6(0.6) 

-91.1(0.05) 

0.8(0.05) 




8.8(0.7) 

-88.5(0.05) 

0.5(0.1) 




8.4(0.2) 

-86.7(0.1) 

6.9(0.2) 




5.6(0.6) 

-84.6(0.05) 

0.8(0.1) 

331.342-0.346 

16:12:26.456 

-51:46:16.86 

12.9(0.7) 

-65.8(0.05) 

0.6(0.05) 

332.295-0.094 

16:15:45.381 

-50:55:53.85 

14.5(5.4) 

-50.8(0.05) 

0.5(0.1) 

332.942-0.686“ 

16:21:19.018 

-50:54:10.41 

4.6(0.4) 

-48.6(0.1) 

3.6(0.3) 




3.8(0.7) 

-49.0(0.1) 

0.7(0.2) 

332.963-0.679“ 

16:21:22.926 

-50:52:58.71 

9.1(0.7) 

-46.8(0.05) 

0.6(0.1) 




8.5(1.0) 

-47.4(0.05) 

0.5(0.1) 




3.0(0.3) 

-49.0(0.2) 

4.4(0.5) 

333.029-0.063“ 

16:18:56.735 

-50:23:54.17 

3.7(1.0) 

-41.0(0.1) 

0.4(0.1) 




2.8(0.5) 

-40.1(0.1) 

1.0(0.3) 

333.121-0.434 

16:20:59.704 

-50:35:52.32 

6.1(0.2) 

-50.9(0.1) 

7.1(0.2) 




6.0(0.5) 

-52.9(0.05) 

0.9(0.1) 




5.3(0.7) 

-50.7(0.05) 

0.4(0.1) 

333.128-0.440 

16:21:03.300 

-50:35:49.75 

23.3(0.7) 

-47.6(0.05) 

2.7(0.1) 




21.9(1.2) 

-48.6(0.05) 

1.2(0.1) 




9.2(0.8) 

-49.9(0.1) 

2.0(0.2) 




7.4(0.4) 

-50.6(0.2) 

7.1(0.4) 

333.130-0.560“ 

16:21:35.742 

-50:40:51.29 

7.6(0.6) 

-59.1(0.05) 

1.4(0.1) 




6.4(0.6) 

-54.4(0.05) 

0.5(0.1) 




4.6(0.2) 

-56.5(0.2) 

3.8(0.4) 

333.163-0.101“ 

16:19:42.670 

-50:19:53.20 

3.7(0.5) 

-91.3(0.05) 

0.6(0.1) 




3.5(0.7) 

-109.8(0.05) 

0.5(0.1) 

333.184-0.091 

16:19:45.620 

-50:18:35.00 

4.4(1.8) 

-87.0(0.1) 

0.2(0.2) 




4.3(0.8) 

-86.5(0.1) 

1.4(0.3) 

333.234-0.062 

16:19:51.250 

-50:15:14.10 

131.9(0.9) 

-87.3(0.05) 

1.1(0.05) 




17.7(0.8) 

-87.6(0.05) 

4.0(0.!) 

333.315 + 0.105 

16:19:29.016 

-50:04:41.45 

2.5(0.3) 

-46.5(0.3) 

3.5(0.8) 




2.2(0.8) 

-44.4(0.2) 

1.0(0.5) 

333.466-0.164 

16:21:20.180 

-50:09:48.60 

7.5(0.4) 

-42.9(0.1) 

3.0(0.2) 




5.1(0.7) 

-45.2(0.05) 

0.5(0.1) 




4.7(0.8) 

-42.8(0.05) 

0.4(0.1) 

333.562-0.025 

16:21:08.797 

-49:59:48.26 

11.8(1.6) 

-40.0(0.1) 

0.6(0.1) 




6.7(1.9) 

-39.4(0.1) 

0.6(0.2) 




4.3(1.5) 

-40.1(0.2) 

2.1(0.4) 

335.060-0.427“ 

16:29:23.146 

-49:12:27.34 

2.9(0.5) 

-39.3(0.1) 

2.9(0.4) 




1.7(0.8) 

-39.2(0.1) 

0.4(0.3) 

25.826-0.178 

18:39:03.621 

-06:24:09.29 

53.8(1.0) 

90.2(0.05) 

0.4(0.05) 




15.4(1.0) 

98.4(0.05) 

0.7(0.05) 




10.0(1.0) 

91.7(0.05) 

0.3(0.05) 




9.8(0.4) 

94.2(0.1) 

4.3(0.3) 




4.6(0.7) 

91.4(0.1) 

2.5(0.3) 




1.7(0.9) 

98.5(0.4) 

1.4(0.9) 

26.602-0.220 

18:40:38.550 

-05:43:56.20 

8.3(1.6) 

108.0(0.05) 

0.3(0.1) 




0 si'n 

1 nR «:'n 

1 n/'n R^ 
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Table 1 — continued 


Name 

Right Ascension 
(J2000) 

(h m s) 

Declination 

(J2000) 

(O , 

Peak Flux 
Density 

(Jy) 

Velocity 

(km s~^) 

Full Width 

Half Maximum 
(km s“^) 

Ref 

27.286+0.151“ 

18:40:34.476 

-04:57:13.44 

3.6(0.4) 

31.6(0.05) 

0.8(0.1) 

* 




3.1(0.5) 

33.1(0.05) 

0.5(0.1) 


27.369-0.164 

18:41:50.982 

-05:01:28.23 

22.9(0.8) 

95.3(0.05) 

0.5(0.05) 

* 




20.2(0.9) 

93.7(0.1) 

1.8(0.1) 





13.7(1.4) 

94.2(0.05) 

0.5(0.1) 





6.2(0.4) 

92.0(0.1) 

7.0(0.3) 





5.8(0.6) 

90.6(0.05) 

0.6(0.1) 





4.1(0.7) 

92.1(0.05) 

0.4(0.1) 


28.303-0.389 

18:44:22.056 

-04:17:48.84 

4.7(1.0) 

74.0(0.05) 

0.2(0.1) 

* 

29.907-0.040 

18:46:03.585 

-02:42:36.34 

26.6(1.0) 

98.2(0.05) 

0.3(0.05) 

* 

29.974-0.029 

18:46:08.505 

-02:38:42.66 

3.1(0.6) 

96.4(0.1) 

0.5(0.2) 

1 




2.2(0.8) 

97.0(0.1) 

0.4(0.2) 



Table 2. Class II methanol maser sites not detected in the 95.1-GHz class I transition. The RMS noise level listed is that measured in 
the Hanning smoothed spectra. Notes : ^ sources not within the statistically complete sample of 6.6-GHz methanol masers, ^ emission 
detected towards this source, but it appears to be a sidelobe response to 29.907-0.040. 


Name 

R.A.(J2000) 
(h m s) 

Dec.(J2000) 

(O , 

Velocity Range 
(km s~^) 

3ct 

(jy) 

327.120+0.511 

15:47:32.729 

-53:52:38.90 

-120 - -55 

4.4 

327.401 + 0.445 

15:49:19.4 

-53:45:14 

-122 - -46 

4.2 

327.402 + 0.444 

15:49:19.523 

-53:45:14.21 

-122 - -46 

4.2 

327.590-0.094 

15:52:36.824 

-54:03:18.97 

-122 - -46 

4.8 

329.407-0.459 

16:03:32.662 

-53:09:26.98 

-105 - -29 

4.2 

330.952-0.182“ 

16:09:52.372 

-51:54:57.89 

-127 - -50 

4.2 

331.278-0.188 

16:11:26.596 

-51:41:56.67 

-118 - -40 

3.8 

331.542-0.066 

16:12:09.020 

-51:25:47.60 

-124 - -47 

3.8 

331.556-0.121“ 

16:12:27.210 

-51:27:38.20 

-143 - -66 

4.1 

333.029-0.015 

16:18:44.167 

-50:21:50.77 

-92 - -16 

3.0 

333.068-0.447 

16:20:48.995 

-50:38:40.72 

-92 --16 

3.4 

333.646 + 0.058“ 

16:21:09.140 

-49:52:45.90 

-127 - -50 

3.8 

333.683-0.437 

16:23:29.794 

-50:12:08.69 

-45 - 32 

3.3 

333.931-0.135 

16:23:14.831 

-49:48:48.87 

-76 - 0 

4.1 

334.635-0.015 

16:25:45.729 

-49:13:37.51 

-70 - 7 

3.2 

334.935-0.098“ 

16:27:24.250 

-49:04:11.30 

-67 - 20 

3.0 

25.411+0.105 

18:37:16.918 

-06:38:28.23 

58 - 136 

4.2 

25.386+0.005 

18:37:35.522 

-06:42:34.34 

56 - 132 

3.9 

25.53 + 0.38 

18:36:32.6 

-06:24:26 

52 - 130 

3.7 

25.710+0.044 

18:38:03.097 

-06:24:14.31 

56 - 132 

4.1 

26.528-0.266 

18:40:40.227 

-05:49:07.67 

66 - 142 

4.0 

27.223+0.137 

18:40:30.434 

-05:00:58.88 

80 - 156 

3.0 

28.151-0.002 

18:42:42.494 

-04:15:18.34 

62 - 138 

3.1 

28.829+0.488 

18:42:12.433 

-03:25:39.56 

46 - 122 

3.2 

28.863-0.237 

18:44:51.000 

-03:43:44.17 

50 - 126 

3.3 

28.810+0.360 

18:42:37.485 

-03:30:12.52 

56 - 130 

3.4 

29.313-0.165 

18:45:24.974 

-03:17:44.47 

6-82 

3.4 

29.867-0.042 

18:45:59.530 

-02:44:47.23 

56 - 132 

3.5 

29.865-0.007 

18:45:51.765 

-02:43:57.38 

52 - 128 

3.5 

29.895-0.047*' 

18:46:03.653 

-02:43:24.89 

60 - 136 

3.1 

29.918-0.035*’ 

18:46:03.690 

-02:41:52.53 

60 - 136 

2.9 

29.923+0.059 

18:45:44.184 

-02:39:03.71 

60 - 136 

3.1 

30.009-0.017 

18:46:09.851 

-02:36:30.75 

60 - 136 

3.4 
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Figure 1. Spectra of the 95.1-GHz class I methanol maser sources (top) and the corresp onding 6.6-GHz clas s II methanol masers 
(bottom). The 95.1-GHz spectra are from the current work, except for those s ources wh ere [^I’tts e t al.l j2Q0Cll is the only reference 
listed in Table m The 6.6-GHz spectra are from either lEllingsen et all lEllingseiJ or the current work, as listed in the 

relevant column of Tabled] All 95.1-GHz spectra have been Hanning smoothed. 


arcmin at 6.6 GHz). Where this occurs the emission from 
the nearby sources is indicated in the spectra. Examination 
of Fig.Qshows that the peaks of the two classes of methanol 
masers essentially never coincide in velocity. The median dif¬ 
ference between the peak velocity of the class I and class II 
transitions is 3.6 km s“^ (Fig. |2l. This is less than the me¬ 
dian velocity width (5 km s“^) for the class II methanol 


masers with associated class I emission, suggesting a signif¬ 
icant degree of overlap exists between the velocity ranges of 
the two classes. This can be examined directly by investigat¬ 
ing the minimum separation of the velocity ranges between 
the class I and II emission (Figure O. The separation here 
is defined to be the difference between the lowest velocity of 
the class with the larger mean velocity, and the highest ve- 
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Velocity Difference between class I and II peak 



Figure 2. The difference between the peak velocity of the class I 
95.1-GHz methanol masers and the corresponding class II 6.6- 
GHz transition 


locity of the class with the lower mean velocity. For example 
for 326.475 + 0.703 the class I masers cover a velocity range 

from —43 -38 km s“^ (a mean velocity of —40.5 km s“^), 

while the class II masers have a velocity range from — 51 - 
—37 km s“^ (a mean velocity of —44 km s“^), so the class I 
masers have the higher mean velocity and the separation 

is —43 -37 = —6 km s“^. A negative value in Fig. |3 

indicates overlapping velocity ranges and a positive value, 
non-overlapping velocity ranges. The median separation ob¬ 
served in the sample is -2 km s“^, i.e. more than 50 per¬ 
cent of sources show an overlap in the velocity r anges of the 
two cl asses. This is contrary to the suggestion of lSlvsh et alJ 
^1994^ who claim an anti-correlation between the velocities 
of the two classes. Fig.l^shows that in the majority of cases 
(23 of 37) there is an overlap in the velocity ranges and 
sometimes the overlap is large. 

Figure Q shows that there are signihcant differences 
in the typical spectral prohles of the two transitions. The 
class II emission in essentially all the sources consists of 
one or more narrow (< 1 km s“^) spectral features. In con¬ 
trast the class I emission often contains only a single nar¬ 
row peak, apparently superimposed on broader emission fea¬ 
tures. Some class I sources do have multiple narrow spectral 
features, but these are the exception rather than the rule and 
essentially all sources have the broad emission features rarely 
seen in the class II emission. Table Q gives details of the 
Gaussian proHle fitting for each of the class I maser sources 
and shows that spectral features with widths > 1 km s“^ 
are ubiquitous. It is not clear whether the broad features 
are quasi-thermal/quasi-maser emission, or perhaps due to 
blending of a number of weaker maser features. The degree 
of symmetry and lack of multiple peaks favours the former 
interpretation. However, interferometric observations are re¬ 
quired to provide a dehnitive answer. The peak flux density 
and the noise level in the observations of the two classes are 
comparable and so it cannot be attributed to poorer signal 
to noise ratio in the class I observations. 


Velocity separation between class I and II methanol masers 



Figure 3. The difference between the velocity ranges of the class I 
95.1-GHz methanol masers and the corresponding class II 6.6- 
GHz transition. A negative value indicates that the emission from 
the two classes overlaps. 

Focusing on the statistically complete sample of sixty- 
six class II methanol masers (those masers not included in 
this sample are noted in Tables Q and |2J, there are a total of 
twenty-five detections of associated class I masers. This rep¬ 
resents a detection rate of 38 ±6 per cent for class I methanol 
masers towards class II sources. However, as the 95.1-GHz 
transition is not the strongest of the c lass I transiti o n this 
figure should be taken as a lower limit. IVal’tts et al.l (l200fil 
showed that the 44-GHz transition is typically a factor of 3 
stronger than the 95.1-GHz transition and so the number of 
class II methanol masers with an associated class I maser is 
likely to be of the order of 50 per cent or more. 

3.1 Comments on individual sources 

326.475HI-703: The class II methanol maser emission in this 
source is dominated by two strong peaks separated by more 
than 10 km s“^ each of which have a noticeably sharper 
inner edge than outer edge. The class I maser emission 
lies in between the two class H peaks, with the red wing 
of the 95.1-GHz masers overlapping the velocity range of 
the strongest 6.6-GHz emission. The 6.6-GHz observation 
spectrum in Fig. 0 is a new observation, however the rel¬ 
ative intensity of the two main features appears to have 
change d little in the 11 years since the discov ery of this 
source llvan der Walt. Gavlard fc MacLeodlll995^ 
326.859-0.667: The class I and H methanol maser emission 
in this source each have comparable peak flux density and 
velocity range, but are offset from each other by approxi¬ 
mately 10 km s“^, one of the largest offsets in the sample. 
328.237-0.548: The class II methanol maser emission in 
this source covers two separate velocity ranges and the 
class I emission lies in between these. 95.1-GHz class I 
methanol ma s er em ission was first observed in this source by 
IVal’tts et alJ feOOOh (who called it 328.24 — 0.55) and there 
has been no measurable change in the peak flux density of 
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Table 3. Comparison of the peak fiux density and velocity range of 6.6-GHz class II and 95.1-GHz class I methanol masers. Notes 
: sources not within the statistically complete sample of 6.6-GHz meth anol masers. Ref erences from which th e 6.6- and 9 5.1-GHz 
information was obtained : * = this paper ; 1 = IVartts et al.l i200Qf) ; 2 :=|Elli^ se I il99 ^ ; 3 = lElIingsen et al.l Jl996ll : 4 = ICaswelJ 
Jl996ri . For a comprehensive list of references for each 6.6-GHz masers see lPestalozzi et alJ i20Q3^ . 


Source 95.1-GHz Class I methanol masers 6.6-GHz Class II methanol masers 


Name 

Peak Flux 
Density Velocity 

(Jy) (km s-l) 

Velocity 
Range 
(km s-l) 

Ref Peak Flux 

Density Velocity 

(Jy) (km s-l) 

Velocity 
Range 
(km s-l) 

Ref 

285.32-0.03 




1 

11 

0.6 

-8-3 

2 

291.28-0.71 




1 

70 

-29.7 

-31 - -26 

2 

293.84-0.78 




1 

4 

36.9 

36 - 39 

2 

293.95-0.91 




1 

8 

41.4 


2 

326.475 + 0.703 

29 

-41.0 

-43 - -38 

1 

109 

-38.1 

-51 - -37 

* 

326.641 + 0.613“ 

19 

-39.9 

-41 - -37 

1 

17 

-43.1 

-44 - -40 

3 

326.662 + 0.521 




1 

5 

-41.0 

-42 - -29 

3 

326.859-0.677“ 

11 

-67.0 

-68 - -66 

1 

10 

-57.6 

-59 - -57 

3 

327.120+0.511 




* 

80 

-87.1 

-90 - -83 

3 

327.392 + 0.199 

8 

-89.5 

-90 - -88 

1 

9 

-84.6 

-86 - -82 

3 

327.401 + 0.445 




* 

106 

-82.6 

-84 - -75 

3 

327.402 + 0.444 




* 

106 

-82.6 

-84 - -75 

3 

327.590-0.094 




*,1 

3 

-86.3 


3 

327.618-0.111 

7 

-88.4 

-89 - -87 

1 

2 

-97.5 


3 

327.945-0.115 




1 

7 

-51.7 

-52 - -51 

3 

328.254-0.532 





425 

-37.4 

-50 - -36 

3 

328.237-0.548“ 

10 

-41.3 

-45 - -38 

M 

421 

-44.9 

-46 - -34 

3 

328.809 + 0.633“ 

45 

-40.6 

-46 - -37 

*,i 

278 

-44.5 

-47 - -43 

3 

329.031-0.198 

20 

-43.7 

-48 - -39 

* 

25 

-41.9 

-47 - -41 

3 

329.029-0.205 

18 

-43.6 

-47 - -37 

1 

275 

-37.5 

-41 - -34 

3 

329.066-0.308 

5.6 

-42.1 

-43 - -40 

*,i 

24 

-43.9 

-48 - -43 

3 

329.183-0.314 

8 

-50.1 

-51 - -47 

1 

13 

-55.7 

-60 - -51 

3 

329.339 + 0.148 




1 

14 

-106.5 

-107 - -105 

3 

329.407-0.459 




* 

144 

-66.8 

-71 - -66 

3 

329.469 + 0.502 

9 

-66.6 

-70 - -66 

1 

13 

-72.1 

-73 - -65 

3 

329.622 + 0.138 




1 

30 

-60.1 

-69 - -59 

3 

329.610+0.114 




1 

30 

-60.1 

-69 - -59 

3 

330.952-0.182“ 




* 

7 

-87.6 

-89 - -87 

3 

331.425 + 0.264“ 




1 

25 

-88.6 

-91 - -88 

3 

331.120-0.118“ 




1 

9 

-93.2 

-95 - -88 

4 

331.132-0.244 

32 

-91.2 

-81 - -92 

M 

34 

-84.4 

-92 - -84 

3 

331.278-0.188 




* 

165 

-78.1 

-86 - -78 

3 

331.342-0.346 

13 

-65.7 

-67 - -65 

M 

66 

-67.4 

-68 - -64 

3 

331.442-0.187“ 

4.9 

-91.7 

-92 - -87 

M 

70 

-88.5 

-93 - -84 

3 

331.542-0.066 




* 

12 

-84.1 

-87 - -83 

3 

331.556-0.121“ 




* 

35 

-103.4 

-105 - -94 

3 

332.094-0.421 




1 

16 

-61.4 

-62 - -58 

3 

332.295-0.094 

5.9 

-49.7 

-50 - -48 

M 

6 

-47.0 

-47 - -42 

3 

332.351-0.436 




1 

4 

-53.1 


3 

332.560-0.148 




1 

5 

-51.0 

-56 - -49 

3 

332.604-0.167 

10 

-45.7 

-47 - -45 

1 

5 

-51.0 

-56 - -49 

3 

332.942-0.686“ 

9 

-48.9 

-51 - -47 

* 

21 

-52.9 

-54 - -52 

3 

332.963-0.679“ 

11 

-47.4 

-51 - -46 

* 

41 

-45.9 

-48 - -38 

3 

333.029-0.015 




* 

3 

-53.6 

-61 - -53 

3 

333.029-0.063“ 

4.6 

-40.9 

-42 - -39 

* 

4 

-40.4 

-41 - -40 

4 

333.068-0.447 




* 

12 

-54.5 

-55 - -53 

3 

333.121-0.434 

11 

-50.7 

-56 - -47 

* 

11 

-49.3 

-50 - -48 

3 

333.128-0.440 

46 

-48.3 

-55 - -45 

M 

3 

-44.4 

-45 - -42 

3 

333.130-0.560“ 

10 

-59.0 

-61 - -54 

* 

17 

-56.8 

-63 - -52 

3 

333.163-0.101“ 

4.6 

-91.2 

-92 - -90 

* 

8 

-95.3 

-95 - -91 

3 

333.184-0.091 

7 

-87.0 

-87 - -85 

* 

7 

-82.0 

-85 - -81 

3 

333.234-0.062 

150 

-87.4 

-91 - -84 

M 

7 

-84.7 

-85 - -81 

3 

333.315 + 0.105 

4.2 

-44.5 

-50 - -43 

* 

9 

-43.7 

-50 - -41 

3 

333.466-0.164 

12 

-42.8 

-46 - -40 

* 

41 

-42.4 

-49 - -37 

3 

333.562-0.025 

17 

-39.8 

-41 - -39 

* 

39 

-35.9 

-37 - -34 

3 

333.646 + 0.058“ 




* 

3 

-87.3 

-89 - -82 

4 

333.683-0.437 




* 

19 

-5.2 

-6 - -4 

3 

333.931-0.135 




* 

7 

-36.8 

-37 - -36 

3 

334.635-0.015 




* 

61 

-30.1 

-31 - -27 

3 
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Table 3 — continued 


Source 95.1-GHz Class I methanol masers 6.6-GHz Class II methanol masers 


Name 

Peak Flux 
Density Velocity 

(Jy) (km s-l) 

Velocity 
Range 
(km s-l) 

Ref 

Peak Flux 
Density Velocity 

(Jy) (km s-l) 

Velocity 
Range 
(km s-l) 

Ref 

334.935-0.098“ 




* 

7 

-19.5 

-22 - -17 

4 

335.060-0.427“ 

4.6 

-39.1 

-41 - -37 

* 

15 

-47.0 

-48 --39 

3 

25.386-1-0.005 




* 

2 

95.7 

94 - 98 

2 

25.411-1-0.105 




M 

8 

97.0 

96 - 98 

2 

25.53 +038 




M 

6 

95.6 

89 - 96 

2 

25.710+0.044 




* 

502 

95.7 

89 - 101 

2 

25.826-0.178 

58 

90.2 

90 - 99 

*,i 

70 

91.7 

90 - 100 

2 

26.528-0.266 




* 

9 

104.5 

104 - 105 

2 

26.602-0.220 

8 

108.1 

108 - 114 

* 

9 

103.8 

102 - 115 

2 

27.223+0.137 




* 

22 

117.7 

110 - 121 

2 

27.286+0.151“ 

4.0 

31.7 

31 - 34 

* 

23 

34.9 

34 - 36 

* 

27.369-0.164 

35 

94.2 

88 - 96 

* 

42 

100.5 

88 - 104 

2 

28.151-0.002 




* 

37 

101.2 

100 - 105 

2 

28.201-0.049 





2 

98.9 

94 - 99 

2 

28.303-0.389 

4.3 

73.9 

74 - 75 

* 

71 

81.1 

80 - 94 

2 

28.829+0.488 




* 

5 

83.2 

83 - 84 

2 

28.863-0.237 




* 

65 

83.5 

81 - 93 

2 

28.810+0.360 




* 

6 

91.1 

87 - 93 

2 

29.313-0.165 




* 

4 

48.8 

43 - 50 

2 

29.867-0.042 




* 

35 

101.4 

100 - 104 

2 

29.865-0.007 




* 

2 

103.4 

100 - 104 

2 

29.895-0.047 




* 

40 

96.8 

96 - 99 

2 

29.907-0.040 

26 

98.2 

98 - 99 

* 

3 

99.0 

95 - 99 

2 

29.918-0.035 




* 

40 

96.8 

95 - 99 

2 

29.923+0.059 




* 

5 

99.0 

95 - 102 

2 

29.974-0.029 

3.4 

96.3 

96 - 97 

M 

80 

96.0 

95 - 100 

2 

30.009-0.017 




* 

10 

98.3 

98 - 103 

2 


the source in the 12 month period between the two observa¬ 
tions. 

328.809U)-633: This strong class II methanol maser source 
is associated with a strong class I methanol maser. The peak 
flux density of the 95.1-GHz methanol masers is more than 
a factor four greater than observed bv IVal’tts et alJ (l2nn(ii 
a year earlier. The bulk of the class I maser emission is 
red-shifted compared to the class II emission, but the wing 
overlaps the velocity of the strongest class II masers. 
329.029-0.205 & 329.031—0.198: These two class II maser 
sites are separated by 26 arcsec and each also has associated 
95.1-GHz class I methanol maser emission. The spectrum of 
the 95.1-GHz methanol masers in 329.029-0.205 are blue- 
shifted with respect to the strongest 6.6-GHz class H emis¬ 
sion. The class I methanol maser emission in 329.031—0.198 
partially overlaps that of 329.029-0.205, but the peak 
velocity differs slightly. In contrast to 329.029-0.205, in 
329.031—0.198 the velocity ranges of the class I and H 
methanol masers are largely overlapping. 

329.4691-0.502: This relatively weak, newly discovered 95.1- 
GHz class I maser source shows weak emission at velocities 
between the two class II maser velocity ranges in this source. 
331.132-0.244- The 95.1-GHz class I masers in this source 
differ from the majority in showing multiple narrow peaks 
over a substantial velocity range. The velocity of the class I 
and II methanol masers in this source overlap to a high de¬ 
gree. The strongest class I emission is at the opposite end of 
the velocity range to the strongest class H masers. However, 
the 6.6-GHz methanol masers in this sources are known to 


be highly variable iCaswell. Vaile fc Ellingsenlll995a^ . The 
intensity of the entire 95.1-G Hz spectrum has inc reased com¬ 
pared to that observed by of l^ ’tts et all (l200fll . suggesting 
that it is also variable. 

331.342-0. 346 : The 95.TGHz class I maser in this source 
contains a single narrow peak, lacking the broader velocity 
feature seen in many sources. The class I maser peak lies in 
the middle of the class II maser velocity range. 
332 . 942 - 0.686 & 332.963-0.679: The two regions of 6.6-GHz 
class H methanol maser emission are separated by 1.3 ar- 
cmin, but have non-overlapping velocity ranges. Each region 
also has newly discovered, class I maser emission, the veloc¬ 
ity ranges of which overlap, but have distinct peak velocities. 
The class I emission in each case lies in between the class H 
velocity ranges of the two sources. 

333.029-0.063: The new 6.6-GHz Mt Pleasant observations 
of this source failed to detect any class II methanol maser 
emission stronger than approximately 2 Jy, so only the 95- 
G Hz spectrum is shown for this source. The observations 
of lGasw^ Jl996ll show that the velocity of the peak of the 
class I and H methanol masers are separated by 0.5 km s“^. 
333.121— 0.434 & 333.128-0. 44 O: There are a number of 
class II methanol maser sources in this region, two of which 
also have associated class I maser emission. 333.121—0.434 
is a newly discovered 95.1-GHz class I maser source whose 
velocity range overlaps the class II emission. The 95.1-GHz 
emissi on in 333.128-0.440 was also observed bv IVartts et alJ 
i200rfl . but with a significantly lower peak flux density. 

333.130-0.560: The 6.6-GHz methanol maser in this source 
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has an interesting velocity profile consisting of three narrow 
peaks, the strongest which is bracketed by approximately 
equal, weaker features. Intriguingly the newly discovered 
class I 95.1-GHz masers are centred on the same velocity, 
with symmetrical emission lying within velocity range of the 
class II methanol masers. This source would be an interest¬ 
ing candidate for high-resolution observations in both tran¬ 
sitions to determine the spatial relationship between the two 
classes. 

333.163-0.101: The 95.1-GHz methanol maser emission in 
this source shows two weak peaks separated in velocity by 
nearly 20 km s”*^, one of which is close to the velocity of 
the class II masers. This velocity range is much greater than 
that seen in any of the other class I methanol masers in 
this sample, suggesting that perhaps it is a separated source 
detected within the same beam. This region of the Galac¬ 
tic Plane has been covered in two in dependent untargeted 
searches for 6 .6-GHz class II masers llElling-sen et alJllQQfil: 
lGaswelllll996ri . If the feature at -110 km s is indeed an in¬ 
dependent source detected by serendipity it suggests there 
may be a substantial number of class I maser sources asso¬ 
ciated neither with class II methanol masers, nor high-mass 
star formation regions known from other tracers. 
333.234—0.062 With a peak flux density of 150 Jy the 95.1- 
GHz class I methanol maser in this source is the strongest 
in this sample an d is one of the stro ngest class I masers 
in this transition. ’tts et all i200fil observed a signifi¬ 
cantly lower peak flux density (26 Jy) suggesting either a 
significant pointing offset in their observations, or variabil¬ 
ity. The class I maser emission is associated with a weak 
class II methanol maser which has a single peak and non¬ 
overlapping velocity range. 

333.3151-0.105: This weak, newly discovered 95.1-GHz 
methanol maser has a velocity range which overlaps com¬ 
pletely with the class H maser emission. 

333.466-0.164: This newly discovered class I methanol 
maser source is unusual in that the peak velocity of the 
class I and H transitions differ by less than 0.5 km s“^. 
25.826-0.178: This site of this strong, newly discovered 
95.1-GHz m e thano l maser was previously searched by 
IVal’tts et SI but they report no emission stronger 

than 3 Jy. There is a difference in the positions observed 
in this work and bv IVahtts et al.l (I 2 OOOII of 30 arcseconds, 
which is signihcant, but does not completely account for the 
non-detection. The class I and H methanol maser emission 
in this source is notable for having very similar spectra, in 
terms of peak intensity, velocity range and general shape. 
27.2861-0.151: The velocity of the maser emission in this 
source lies outside the range of the original Mt Pleasant sur¬ 
vey. However, this source was detected in ATGA follow-up 
observation s of 27.223+0.137. It was also independently dis - 
covered by ISlvsh et alJ ^1999^ and |s zvmczak et alJ ll200(il . 
The 6.6-GHz spectrum shown in Fig. 0 is a new observa¬ 
tion, the earlier observations each show a lower peak flux 
density, but otherwise similar spectra. The weak, newly de¬ 
tected class I methanol maser in this source doesn’t overlap 
in velocity with the class H emission. 

28.303-0.389: The marginal detection of 95.1-GHz methanol 
maser emission in this source requires follow-up to confirm if 
it is real. It is offset by more than 5 km s“^ from the class H 
emission, which is unusual, but the class H emission does 
extend over a larger than usual range in this source. 


Distribution of Peak Fiux Density Ratios 



Log{Fiux 6.6/Flux 95) 


Figure 4. Comparison of the distribution of ratio of the 6.6- 
GHz peak flux density to the associated 95-GHz peak flux density 
for the twenty-five methanol masers in the statistically complete 
sample. 

29.907-0.040: There are hve additional class H methanol 
maser sites within a relatively small distance of this source 
and they have overlapping velocity ranges. A 95.1-GHz 
class I methanol maser was detected towards a number of the 
class H sites. However, it appears to be a single source which 
is strongest at this location. Disentangling the relationship 
of the different star-formation sites within this complex will 
require interferometric observations. 

29.974—0.029: The marginal detection of 95.1-GHz methanol 
maser emission in this source requires a follow-up to confirm 
if it is real. Emission of comparable st r ength at the same 
velocity was detected by IVal’tts et alJ (l200ff) and so this 
emission is likely to be real. 


4 DISCUSSION 

ISlvsh et al.l ^1994^ claim that there is an anti correlation 
between the flux density of class I and class H methanol 
masers within the same region. It is certainly true that the 
strongest class H masers typically do not have associated 
class I masers (e.g. W3(OH), NGG6334F) and vice versa. 
This was one one of the factors in the empirical classes as 
they were originally defined. However, the current obser¬ 
vations show that for typical methanol masers there is no 
anti-correlation between the peak flux density of the class I 
and H maser transitions. Considering the twenty-five masers 
within the statistically complete sample that have an associ¬ 
ated class I maser, the 6.6- and 95.1-GHz peak flux densities 
are in general comparable with a median ratio of 1.25. Fig- 
ure^Jshows that the distribution of peak flux density ratios 
is strongly peaked at values slightly greater than one. 

There are significant differences between the typical 
morphologies observed for class I and class H methanol 
masers. Class H methanol maser emission occurs in clus ¬ 
ters with a maximum size of 30 milli-parsecs ICaswelll lll997tl : 
IPhillips et alJ (ll99Sll . The majority of sources have just one 
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cluster, some have a second cluster separated by a few arc- 
seconds, but more than two separate clusters in one re¬ 
gion is very rare. In contrast the emission from class I 
masers is typic a lly sp re ad over muc h large r angular scales 
iKogan fc Slvshl il998h : iKurtz et al.l i2nn4l . This suggests 
enhanced methanol abundance over a signihcant fraction of 
the star formation region, but that conditions suitable for 
class II masers are relatively rare, while those that favour 
class I masers are more common. 

Early interferometric observations of class I methanol 
masers suggested that they may be associated with out¬ 
flows from high-mass star formation regions, perhaps at 
the interface between the outflow and the molecula r cloud 
jPlambeck fc MenterJ Il99ft I.Tohnston et al.l ^93). That 
they are observed offset from Hll regions, and are collision- 
ally pumped is also consistent with this hypothesis. Further 
support has recen tly been provided by the observations of 
iKiirtz et al.l (l2004^ who found a number of sources for which 
there is a good correspondence between the 44 GHz class I 
masers and the molecular shock tracers H 2 and SiO. 

It is well established that many water masers in star for¬ 
mation regions are associated with outflows, some of which 
have velocities in excess of 100 km/s and are highly col¬ 
limated. Interferometric observations of water masers have 
shown that those with the largest peak flux densities lie 
in outflows directed at angles close to the plane of the sky 
iOenzel et al.ll981allbll . With this geometry our line-of-sight 
looks along the shock-front, giving a long velocity coherent 
path and hence strong masers. In contrast, masers which 
are significantly offset from the systemic velocity of the sys¬ 
tem are in outflows directed close to the line-of-sight, we 
view the shock-fronts close to face on resulting in short gain 
paths and weak masers. 

The class I methanol masers are clearly not associated 
with the same outflows (or at least with the same parts of 
the outflows), as water masers, as they are always within 
10-20 km s“^ of the velocity of class II masers and ther¬ 
mal emissions. However, we might expect class I methanol 
masers which are close to the systemic velocity of the region 
to be associated with outflows directed close to the plane of 
the sky and, analogous to water masers to be stronger. If we 
assume that the velocity of the class H masers is close to the 
systemic velocity of the region (which is generally the case), 
then we can test this hypothesis by comparing the flux den¬ 
sity of class I masers which overlap the velocity range of the 
class H with those that don’t. FigureElshows two histograms 
which make this comparison. Only those class I methanol 
masers associated with class H masers in the statistically 
complete sample are included in Fig.|^ The two samples (18 
sources which have overlap and 7 sources which don’t) are 
too small to allow dehnitive conclusions to be drawn. How¬ 
ever, there may be a higher percentage of stronger class I 
methanol masers associated with sources where there is a 
velocity overlap between the two classes. 

Two types of observations suggest that class H 
methanol masers are associated with the early stages of high- 
mass star formation. 

(i) Many class H methanol masers are not associated w ith 
an UCHll region iPhillins et alJll9^ : IWaL^ et al 1 11993) . 

(ii) Class II masers are associated with submillimetre and 
millimetre dust continuum emission which have SED con- 
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Figure 5. Comparison of the distribution of peak flux density 
for class I methanol masers which have a velocity range which 
overlaps the class II masers (solid line) and those which do not 
(dashed line). Only class I masers associated with class II masers 
in the statistically complete sample are included in this figure. 


siste nt with deeply embedded hig:hm i ass p ro tostellar ob¬ 
jects [Pe s^lo^zz^Hu rnphrevs fc Bopthl l[2003); I Walsh et alJ 
j200.I) : lMmier et aljl^OOl 

The current star formation paradigm for low-mass star for¬ 
mation has molecular outflows associated with the earli¬ 
est stages of the proc ess, the so-called class 0 and class I 
young stellar objects llRachiHer fc Ta.fallalll 99^1 . From this 
we might hypothesise that class I methanol masers may be 
associated with an even earlier stage of high-mass star for¬ 
mation than is the general case for class H masers. Consid¬ 
ering only methanol masers we might expect sources with 
only class I methanol masers to be the youngest, with those 
which have both class I and H masers being at an interme¬ 
diate phase and sources with only class H methanol masers 
being the most evolved. We can test this hypothesis by look¬ 
ing at the properties of the infrared sources and other maser 
species associated with the methanol masers and seeing if 
there is any difference between the class H masers with and 
without an associated class I maser. If a difference can be 
found then it would also provide a method of targeting class I 
methanol maser searches. 

The two most common masers associated with high- 
mass star formation (apart from class H methanol masers) 
are the 1665-MHz transition of OH and the 22-GHz transi¬ 
tion of water. An untargeted search of the southern Galac¬ 
tic plane for main-line OH masers was made with the 
Parkes telescope in the early 1980s llCaswell et al.l Il98fll : 
lOaswell fc Havneall983al . ll987l) . with some regions more re¬ 
cently searched again at hi gher sensitivity with the Australia 
Telescope Gompact Array (ICaswelM1998r . The Parkes search 
was sensitive to OH masers with a peak flux density in excess 
of 1 Jy in the main-line transition at the epoch of the obser¬ 
vations. To date there have been no blind searches for south¬ 
ern water masers. However, a search targeted towards the 
6.6-GHz methanol masers d etected in the M t Pleasant sur¬ 
vey has been undertaken bv iHanslowl (|^93). Tabled] sum- 
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marises the association of the class II methanol masers from 
the Mt Pleasant survey with 1665-MHz OH and 22-GHz wa¬ 
ter masers. Considering only the class II methanol masers in 
the statistically complete sample, approximately 30 percent 
have an associated 1665-MHz OH maser and approximately 
40 percent have an associated water maser. However, there 
is no statistically signihcant correlation, or anti-correlation 
between the presence of OH or water masers and class I 
methanol masers. 

4.1 Infrared characteristics of class I and II 
methanol masers 

A number of searches for class II methanol masers have been 
targeted towards IRAS s ources with far-infrared colours 
within certain ranges f e.g. IS£tnitt£_et_alJllflQd I Walsh et alJ 
llOOTl i iMvsh et allllOOOt l Szvmcza^e^nl2nn(ll . The current 
class I maser observations were targeted towards class H 
methanol maser positions, the vast majority of which are 
known to sub-arcsecond accuracy. So it is possible to re¬ 
liably determine whether infrared sources from the IRAS, 
MSX and 2MASS point sources catalogues are associated 
with the maser positions. If the sources with class I methanol 
masers represent a different evolutionary phase from those 
without then this may lead to an observable difference in 
the properties of associated infrared sources. In this section 
we examine the characteristics of IRAS, MSX and 2MASS 
sources associated with the masers to see if there is any dif¬ 
ference between those class II methanol masers with and 
without associated class I masers. Some readers may prefer 
to skip to the concluding paragraph of this section where 
the results are summerised, rather read all the details of the 
comparisons undertaken that are given below. 

Considering only the statistically complete sample of 
sixty-eight class II methan ol masers. 30 have an asso¬ 
ciate d IRAS point source lIlR AS Science Working Crnunl 
h 98, '^1 within 30 arcsec, 45 have an associated MSX point 
source iEgan et alJ 1200,41 within 30 arcsec and 45 have an 
associated 2MASS source within 5 arcsec. The names and 
the distance between the infrared point source and maser 
positions are summarised in tabled 

There are 11 IRAS sources which exhibit both class I 
and II methanol maser emission (version 2.1 of the IRAS 
PSC). This is consistent with the number expected by 
chance considering the relative proportions of class H 
methanol maser sources with associated class I masers and 
IRAS sources. Examining a plot of the versus 

Eeo/Ebs colours (where ^ 12,^25 and F%q are the IRAS 12- 
, 25- and 60-^m flux densities respectively) there is no 
apparent difference between those IRAS sources with and 
without an associated class I methanol maser. So there 
doesn’t appear to be any means of using IRAS colours to 
select high-mass star forming regions that are more likely 
to have associated class I methanol masers, beyond the 
well known ultra-compact Hll region criteria developed by 
IWood fc ChurchwelJ (il98flll . This implies that any evolu¬ 
tionary difference between class II maser sources with and 
without associated class I masers cannot be distinguished 
from IRAS data. 

The IRAS observations suffered well documented prob¬ 
lems with confusion and saturation close to the Galactic 
Plane and this is thought to be the reason why many class II 


Table 4. Associations of the class II methanol masers with other 
maser species and MSX 21-fim flux. The MSX flux is measured 
directly from the images, for non-detections the flux density at 
the maser location is given as an upper limit. Notes : “ sources 
not within the statistica lly complete sample of 6.6 -GHz methanol 
masers. Refere nces 1 = [GaswelLfc Hayn^ 9871^ j_2_^j2aswey| 

a ; 3 = ICagweh ; 4 = ICaswell^^aLl 

; 5 ^ iHan^kmTT^QTr 


Source 

Name 

1665-MHz 
OH maser 
Assoc Ref 

22-GHz 
H 2 O maser 
Assoc Ref 

MSX 

21-pm flux 

285.32-0.03 

N 

1 

Y 

5 

<1.25 

291.28-0.71 

N 

1 

Y 

5 

1600 

293.84-0.78 

N 

1 

Y 

5 

<0.15 

293.95-0.91 

N 

1 

Y 

5 

<0.77 

326.475-1-0.703 

N 

2 

Y 

5 

<0.87 

326.641-1-0.613“ 

N 

2 

Y 

5 

<12.5 

326.662-1-0.521 

N 

2 

Y 

5 

330 

326.859-0.677“ 

N 

2 

N 

5 

<3.6 

327.120-1-0.511 

Y 

2 

Y 

5 

71 

327.392-1-0.199 

N 

2 

N 

5 

9.6 

327.401-1-0.445 

N 

2 

N 

5 

55 

327.402-1-0.444 

Y 

2 

Y 

5 

41 

327.590-0.094 

N 

2 

N 

5 

9.5 

327.618-0.111 

N 

2 

N 

5 

8.1 

327.945-0.115 

N 

2 

N 

5 

57 

328.254-0.532 

Y 

2 

Y 

5 

53 

328.237-0.548“ 

Y 

2 

Y 

5 

7.6 

328.809-1-0.633“ 

Y 

2 

N 

5 

510 

329.031-0.198 

Y 

2 

Y 

5 

<4.0 

329.029-0.205 

Y 

2 

Y 

5 

<3.6 

329.066-0.308 

Y 

2 

N 

5 

20 

329.183-0.314 

Y 

2 

Y 

5 

<5.7 

329.339-1-0.148 

N 

2 

N 

5 

700 

329.407-0.459 

Y 

2 

Y 

5 

19 

329.469-1-0.502 

N 

2 

N 

5 

<4.7 

329.622-1-0.138 

N 

2 

Y 

5 

<0.53 

329.610-1-0.114 

N 

2 

N 

5 

27 

330.952-0.182“ 

Y 

2 

Y 

5 

130 

331.425-1-0.264“ 

331.120-0.118“ 

N 

N 

2 

2 

N 

5 

5 

<3.8 

<3.1 

331.132-0.244 

Y 

2 

Y 

5 

21 

331.278-0.188 

Y 

2 

Y 

5 

95 

331.342-0.346 

Y 

2 

N 

5 

60 

331.442-0.187“ 

Y 

2 

Y 

5 

8.7 

331.542-0.066 

Y 

2 

N 

5 

320 

331.556-0.121“ 

Y 

2 

Y 

5 

106 

332.094-0.421 

N 

2 

Y 

5 

480 

332.295-0.094 

N 

2 

Y 

5 

71 

332.351-0.436 

N 

2 

N 

5 

<2.8 

332.560-0.148 

N 

2 

N 

5 

<11 

332.604-0.167 

N 

2 

N 

5 

<3.0 

332.942-0.686“ 

N 

2 

Y 

5 

<8.6 

332.963-0.679“ 

N 

2 

N 

5 

31 

333.029-0.015 

333.029-0.063“ 

N 

N 

2 

2 

N 

5 

5 

<4.8 

32 

333.068-0.447 

N 

2 

N 

5 

120 

333.121-0.434 

N 

2 

Y 

5 

420 

333.128-0.440 

N 

2 

Y 

5 

420 

333.130-0.560“ 

N 

2 

Y 

5 

<7.1 

333.163-0.101“ 

N 

2 

N 

5 

58 

333.184-0.091 

N 

2 

N 

5 

<11 

333.234-0.062 

Y 

2 

Y 

5 

<6.0 

333.315-1-0.105 

Y 

2 

N 

5 

56 

333.466-0.164 

Y 

2 

Y 

5 

29 

333.562-0.025 

N 

2 

N 

5 

<3.9 
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Table 5. Associations of the class II methanol masers with IRAS, MSX and 2MASS point sources. Notes : ^ sources not within the 
statistically complete sample of 6.6-GHz methanol masers. 


Source 

Name 

IRAS 

Name Distance 

(arcsec) 

MSX 

Name 

Distance 

(arcsec) 

2MASS 

Name 

Distance 

(arcsec) 

285.32-0.03 

10303-5746 

21.4 

G285.3472 + 00.0013 

17.9 

10321294-5802306 

4.8 

291.28-0.71 

11097-6102 

19.4 

G291.2731-00.7101 

16.0 

11115460-6118279 

2.7 

293.84-0.78 

11298-6155 

1.3 

G293.8282-00.7445 

1.6 

11320631-6212206 

2.4 

293.95-0.91 

11304-6206 

1.1 

G293.9512-00.8941 

6.4 

11324316-6223048 

2.2 

326.475 + 0.703 

15394-5358 

20.8 



15431671-5407089 

3.8 

326.641 + 0.613“ 





15443293-5405293 

0.8 

326.662 + 0.521 

15412-5359 

6.9 

G326.6618+00.5207 

0.8 

15450281-5409030 

0.4 

326.859-0.677“ 







327.120+0.511 

15437-5343 

3.6 

G327.1192 + 00.5103 

1.9 

15473282-5352398 

1.2 

327.392 + 0.199 

15464-5348 

4.0 

G327.3941 + 00.1970 

12.2 

15501855-5357087 

2.4 

327.401 + 0.445 



G327.4014+00.4454 

3.4 



327.402 + 0.444 



G327.4014+00.4454 

4.5 

15491950-5345096 

4.5 

327.590-0.094 





15523652-5403157 

4.1 

327.618-0.111 



G327.6184-00.1109 

0.4 

15525032-5402596 

1.3 

327.945-0.115 

15507-5341 

2.8 

G327.9455-00.1149 

3.5 

15543391-5350446 

0.1 

328.254-0.532 

15541-5349 

2.7 

G328.2523-00.5320 

5.9 



328.237-0.548“ 



G328.2396-00.5460 

12.3 



328.809 + 0.633“ 

15520-5234 

4.1 

G328.8074+00.6324 

4.7 

15554848-5243018 

4.5 

329.031-0.198 

15566-5304 

8.4 



16003085-5312268 

4.8 

329.029-0.205 

15566-5304 

17.6 





329.066-0.308 

15573-5307 

2.2 

G329.0663-00.3081 

2.2 

16010999-5316029 

0.6 

329.183-0.314 

15579-5303 

5.2 





329.339 + 0.148 

15567-5236 

5.9 

G329.3371 + 00.1469 

7.7 



329.407-0.459 

15596-5301 

13.1 

G329.4055-00.4574 

8.1 



329.469 + 0.502 



G329.4626 + 00.5037 

23.2 

15594047-5223265 

2.6 

329.622 + 0.138 





16020013-5233578 

2.0 

329.610+0.114 



G329.6098+00.1139 

1.2 

16020313-5235328 

0.7 

330.952-0.182“ 



G330.9544-00.1817 

6.8 

16095195-5154595 

4.2 

331.425 + 0.264“ 







331.120-0.118“ 



G331.1195-00.1191 

4.5 



331.132-0.244 

16071-5142 

26.7 

G331.1282-00.2436 

12.8 

16105979-5150253 

2.7 

331.278-0.188 

16076-5134 

10.4 

G331.2759-00.1891 

8.7 



331.342-0.346 



G331.3402-00.3444 

8.5 

16122648-5146177 

0.9 

331.442-0.187“ 



G331.4442-00.1877 

9.0 



331.542-0.066 



G331.5414-00.0675 

5.1 

16120865-5125488 

3.6 

331.556-0.121“ 

16086-5119 

26.6 

G331.5582-00.1206 

9.5 

16122682-5127389 

3.7 

332.094-0.421 

16124-5110 

3.8 

G332.0939-00.4206 

1.3 

16161646-5118251 

0.3 

332.295-0.094 

16119-5048 

8.1 

G332.2944-00.0962 

9.7 

16154514-5055511 

3.4 

332.351-0.436 

16137-5100 

9.6 



16173117-5108181 

5.0 

332.560-0.148 



G332.5555-00.1429 

23.5 



332.604-0.167 







332.942-0.686“ 

16175-5046 

23.0 

G332.9419-00.6849 

3.3 



332.963-0.679“ 

16175-5045 

2.8 

G332.9636-00.6800 

4.3 



333.029-0.015 



G333.0274-00.0131 

9.3 

16184404-5021487 

2.4 

333.029-0.063“ 



G333.0299-00.0645 

7.1 

16185660-5023542 

1.2 

333.068-0.447 



G333.0682-00.4461 

3.3 



333.121-0.434 



G333.1256-00.4367 

20.2 

16205937-5035516 

3.2 

333.128-0.440 



G333.1256-00.4367 

14.6 

16210349-5035505 

2.0 

333.130-0.560“ 





16213571-5040527 

1.5 

333.163-0.101“ 

16159-5012 

20.3 

G333.1642-00.0994 

5.6 

16194245-5019532 

2.0 

333.184-0.091 





16194611-5018365 

5.0 

333.234-0.062 





16195102-5015176 

4.1 

333.315 + 0.105 

16157-4957 

2.9 

G333.3151 + 00.1053 

0.8 

16192910-5004432 

2.0 

333.466-0.164 

16175-5002 

12.7 

G333.4680-00.1603 

16.1 



333.562-0.025 





16210884-4959484 

0.5 

333.646 + 0.058“ 



G333.6506 + 00.0598 

20.2 

16210963-4952455 

4.8 

333.683-0.437 

16196-5005 

14.0 

G333.6788-00.4344 

15.5 

16232951-5012118 

4.1 

333.931-0.135 

16194-4941 

25.0 

G333.9305-00.1319 

9.4 



334.635-0.015 

16220-4906 

7.9 

G334.6340-00.0125 

8.6 

16254596-4913388 

2.6 

334.935-0.098“ 





16272411-4904076 

3.9 

335.060-0.427“ 

16256-4905 

17.6 

G335.0611-00.4261 

7.6 

16292288-4912259 

3.0 
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Table 5 — continued 


Source 

Name 

IRAS 

Name Distance 

(arcsec) 

MSX 

Name 

Distance 

(arcsec) 

2MASS 

Name 

Distance 

(arcsec) 

25.386 + 0.005 



G025.3865 + 00.0036 

6.8 



25.411 + 0.105 

18345-0641 

4.6 

G025.4118+00.1052 

3.0 

18371690-0638304 

2.2 

25.53 +038 





18363259-0624251 

0.9 

25.710+0.044 



G025.7058+ 00.0403 

19.1 



25.826-0.178 





18390338-0624096 

3.6 

26.528-0.266 



G026.5254-00.2667 

9.6 



26.602-0.220 







27.223 + 0.137 



G027.2220+00.1361 

5.3 

18403043-0500569 

1.9 

27.286 + 0.151“ 





18403448-0457137 

0.3 

27.369-0.164 

18391-0504 

12.5 

G027.3652-00.1638 

12.1 



28.151-0.002 



G028.1467-00.0040 

15.9 



28.201-0.049 

18403-0417 

3.9 

G028.2007-00.0494 

0.7 

18425811-0413573 

1.4 

28.303-0.389 



G028.3046-00.3871 

10.0 

18442217-0417463 

3.0 

28.829 + 0.488 





18421219-0325376 

4.1 

28.863-0.237 







28.810+0.360 







29.313-0.165 

18427-0320 

29.5 



18452474-0317411 

4.8 

29.867-0.042 



G029.8620-00.0444 

20.7 

18455964-0244453 

2.6 

29.865-0.007 







29.895-0.047 





18460337-0243223 

4.9 

29.907-0.040 





18460346-0242394 

3.6 

29.918-0.035 



G029.9183-00.0404 

19.8 



29.923+0.059 





18454403-0239052 

2.7 

29.974-0.029 



G029.9738-00.0364 

28.2 

18460869-0238420 

2.9 

30.009-0.017 








methanol maser sites have no associated IRAS source. Since 
if all class II methanol masers are associated with high-mass 
star formation (as argued the introduction) then they should 
show far-infrared emission, even those that are very young 
and enshrouded in cold dust. The MSX and 2MASS obser¬ 
vations do not have the same problems as IRAS. However, 
they were made at shorter, mid- and near-infrared wave¬ 
lengths. A total of 45 of the class II methanol maser sources 
in the statistically complete sample have an associated MSX 
source within 30 arcsec, and of these 14 also have an as¬ 
sociated class I methanol maser. Version 2.3 of the MSX 
point source catalogue was used, which contains more than 
25 percent more sources, and has greater phot ometric ac¬ 
curac y than earlier versions of the catalogue llEean et alJ 
|20 o 3). If the sources with class I masers represent an ear¬ 
lier evolutionary phase then we would expect them to be 
more deeply embedded, and likely to show a lower rate of 
detection in the mid-infrared MSX observations. However, 
the proportion of class I methanol maser sources with an as¬ 
sociated MSX source is within the range ex pected given the 
rate o f association with the parent sample. iLumsden et alJ 
^2002^ investigated the MSX colours of a sample of massive 
young stellar objects (MYSO) and found that they show 
Fs < Fi 2 < F 21 (where Ts, F 12 and F 21 are the MSX 8-, 
12 - and 21-^m flux densities respectively) and F 21 /FS > 2. 
Figure 1^ shows an MSX colour-colour plot of Fii/F \2 ver¬ 
sus F 21 /FS for the class II methanol maser sources with 
and without associated class I methanol masers, and in¬ 
cluded for comparison are all MSX sources within 30 arc- 
sec of I = 326°, 5 = 0°. The m ajority of the maser sources 
meet the lLumsden et'all (l2002^ criteria for MYSO, that is 


they lie within the top right section of Fig This is not 
particularly surprising as 6.6-GHz methanol masers with¬ 
out as sociated radio continuum emission from lWalsh et all 
il998h were part of the sample of sources used to define 
the criteria. However, that a statistically complete sample 
of class H methanol masers shows the same characteristics 
in an MSX colo ur-colour plot as the IRAS-selected sample 
of I Walsh et alJ adds further weight to the widely accepted 
argument that the new class H methanol masers discovered 
in untargeted searches are in fact associated with high-mass 
star formation. The further towards the top-right of Figinia 
source lies, the cooler the implied dust temperature, so we 
would expect younger, more deeply embedded sources to lie 
in this region. The class II methanol masers with and with¬ 
out associated class I masers show the same distribution, 
again suggesting that there is no significant evolutionary 
difference between the two groups. 

The quoted astrometric accuracy of the MSX poin t 
source catalogue is better than 2 arcsec iEean et alJl200.'3j . 
However, only 8 of the 45 MSX sources are within 2 arcsec of 
the class II maser position. In total 14 of the class II maser 
positions are within 5 arcsec and 29 are within 10 arcsec 
of an MSX point source. This suggests that in general the 
masers are offset from the MSX point sources, and probably 
associated with other objects within the larger star forma¬ 
tion complex. It suggests that in many cases the colours 
of the MSX sources in Fig. are not those of the source 
exciting the methanol masers and so will confuse any at¬ 
tempt to find differences between the class II masers with 
and without associated class I masers. However, it still may 
be possible to find such differences directly from the MSX 
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Table 4 — continued 


Source 

Name 

1665-MHz 

OH maser 

Assoc Ref 

22-GHz 
H 2 O maser 
Assoc Ref 

MSX 

21 -fim flux 
(/rWm“^sr“^' 

333.646-1-0.058“ 

333.683-0.437 

N 

N 

2 

2 

N 

5 

5 

<3.3 

1.3 

333.931-0.135 

N 

2 

N 

5 

10.0 

334.635-0.015 

N 

2 

N 

5 

<1.9 

334.935-0.098“ 

335.060-0.427“ 

N 

Y 

2 

2 

Y 

5 

5 

<1.4 

17 

25.386 + 0.005 

N 

3 

N 

5 

<4.4 

25.411 + 0.105 

N 

3 

N 

5 

28 

25.53+038 

N 

3 

N 

5 

<1.7 

25.710+0.044 

N 

3 

N 

5 

21 

25.826-0.178 

N 

3 

Y 

5 

<2.8 

26.528-0.266 

N 

3 

N 

5 

<7.4 

26.602-0.220 

N 

3 

N 

5 

<3.7 

27.223 + 0.137 

N 

3 

N 

5 

<7.4 

27.286 + 0.151“ 

N 

3 

N 

5 

9.3 

27.369-0.164 

Y 

3 

Y 

5 

11 

28.151-0.002 

N 

3 

N 

5 

<5.2 

28.201-0.049 

Y 

3 

N 

5 

230 

28.303-0.389 

N 

3 

N 

5 

120 

28.829 + 0.488 

N 

3 

Y 

5 

<1.8 

28.863-0.237 

Y 

3 

N 

5 

<3.6 

28.810+0.360 

N 

3 

Y 

5 

<1.7 

29.313-0.165 

N 

3 

N 

5 

<1.9 

29.867-0.042 

Y 

4 

N 

5 

13 

29.865-0.007 

N 

3 

N 

5 

<2.5 

29.895-0.047 

N 

3 

N 

5 

<11 

29.907-0.040 

N 

3 

N 

5 

14 

29.918-0.035 

Y 

4 

N 

5 

18 

29.923 + 0.059 

N 

3 

N 

5 

<0.35 

29.974-0.029 

N 

3 

Y 

5 

17 

30.009-0.017 

N 

3 

N 

5 

<4.7 


image data. I have examined the 21-fim MSX (E-band) im¬ 
ages in the vicinity of each of the maser sources and the 
results are summarise in Table |1] If the class I masers are 
associated with a generally earlier evolutionary phase, then 
we would expect a lower percentage to be projected against 
21-/rm emission. Considering the sixty-eight class II masers 
in the complete sample, thirty-five are projected against 21- 
^m emission, 15 of 26 with class I masers and 21 of 42 
without. So approximately 50 percent of class II methanol 
maser sources are projected against 21-^m MSX emission, 
but there is no correlation with the presence or absence of as¬ 
sociated class I masers. Of those maser sources that are not 
projected against 21 -fim emission, some are near a source, 
but the majority are not. In contrast, for an IRAS-selected 
sample of nearly 50 UCHll regio ns, only one did not hav e 
coincident 21-^vci MSX emission iCrowther fc Contill200,‘^l . 

Near-infrared observations of methanol maser sources 
are generally of limited use as most sources are thought to be 
optically thick at these wavelengths. However, for complete¬ 
ness the association of the methanol masers with sources 
in the 2MASS point source catalogue has been examined. 
Considering the statistically complete sample of sixty-eight 
sources, forty-five have a 2MASS point source within 5 arc- 
sec, dropping to 13 within 2 arcsec. The proportion of these 
sources which also have an associated class I methanol maser 
matches the proportions for the sample as a whole. As for 
the MSX sources, it is likely that in many cases the 2MASS 



Figure 6. MSX colours F 14 IF 12 versus for class II 

methanol masers with (circles) and without (squares) associated 
class I masers. The triangles are MSX sources within 30 arcsec of 
I = 326°, 6 = 0°. Sources with an upper limit in one of the MSX 
bands making up the ratio are marked with an arrow pointing 
in the appropriate direction. Sources with an upper limit in both 
MSX bands for either of the colours have been excluded from the 
plot. Sources within region within the dashed4ines_at_^e_to£right 
of the plot meet the MYSO criteria of|ljumsden^_et_^ J200^. 

point sources are not directly associated with the masers, 
but rather a nearby source within the same region. 

The association of the class II methanol masers in the 
statistically complete sample with IRAS, MSX and 2MASS 
sources has been investigated. There is no measurable differ¬ 
ence, either in terms of rates of association, or the infrared 
colours between those class II masers with an associated 
class I maser and those without. Combining this with the 
similar finding for the association of other maser species, it 
suggests that class I methanol masers, like class II, are as¬ 
sociated with star formation regions for a moderately long 
evolutionary period. For example 329.031 — 0.198 is opti¬ 
cally thick at a wavelength of 21-/im, suggesting it is deeply 
embedded and at an early evolutionary phase. In contrast 
328.809-1- Q633 has a well developed Hll region with some 
extended emission JEllingsen. Shabala fc Kurtdl200'^ and 
shows emission in a numb er of the rarer excite d OH and 
class II maser transitions iEllingsen et al.ll2004L and refer¬ 
ences therein), which are believed to be associated with more 
evolved regions. The lack of any distinguishing characteris¬ 
tics between the class II masers with and without associated 
class I masers is consistent with the general assumption that 
the two classes of methanol maser are not directly associ¬ 
ated. High-mass stars form in clusters and so it is likely that 
at any one time there are stars at a variety of evolutionary 
phases within the one region. If in general the star exciting 
the class H methanol masers is not the source of the out¬ 
flow producing the class I masers then we would not expect 
any clear evolutionary relationship to be manifest. However, 
there are many other possible complicating factors, for ex¬ 
ample there is no reason to expect both classes of methanol 
maser to be associated with exactly the same stellar mass 
range. This complexity further highlights the general need 
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for high-resolution observations to disentangle a high-mass 
star formation complex. 


5 CONCLUSIONS 

Class I methanol masers are associated with approximately 
half of all class II methanol maser sources. In contrast to 
previous suggestions, there is no anti-correlation between 
the velocity range of the two maser classes, nor their peak 
flux densities. The velocity ranges overlap in the majority 
of sources and there is some evidence that in those sources 
where there is an overlap the peak flux density of the class I 
masers is stronger. The peak flux density of the 6.6- and 
95.1-GHz transitions in most sources is of the same order of 
magnitude. This suggests that the peak maser flux density 
in both transitions may be heavily influenced by a common 
factor, such as the general methanol abundance within the 
larger star formation region. 

Interferometric observations of the class I masers are 
required to allow a more detailed examination of the rela¬ 
tionship between the two methanol maser classes and their 
role in the larger high-mass star formation picture. In par¬ 
ticular to determine if the overlap in the velocity ranges 
seen in many sources is associated with coincident or near¬ 
coincident emission from the two transitions, or is merely an 
artefact of turbulent velocity helds. 

Investigation of other maser species and infrared sources 
associated with the methanol masers did not hnd any statis¬ 
tically significant correlations that can be used to target fu¬ 
ture class I maser searches. The absence of such correlations 
is consistent with the hypothesis that the objects responsi¬ 
ble for producing class I methanol masers are in general not 
those that produce main-line OH, water or class II methanol 
masers, although there are other possible explanations. 
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